In this paper we treat the pre-ionisation problem in shocks over the velocity range 10 < v s < 1500 km/s in a self-consistent manner. We identify four distinct classes of solution controlled by the value of the shock precursor parameter, Ψ = Q/v s , where Q is the ionization parameter of the UV photons escaping upstream. This parameter determines both the temperature and the degree of ionisation of the gas entering the shock. In increasing velocity the shock solution regimes are cold neutral precursors (v s 40 km/s), warm neutral precursors (40 v s 75 km/s), warm partly-ionized precursors (75 v s 120 km/s), and fast shocks in which the pre-shock gas is in photoionisation equilibrium, and is fully ionized. The main effect of a magnetic field is to push these velocity ranges to higher values, and to limit the post-shock compression. In order to facilitate comparison with observations of shocks, we provide a number of convenient scaling relationships for parameters such as post-shock temperature, compression factors, cooling lengths, and Hβ and X-ray luminosity.
INTRODUCTION
The physical structure and predicted emission line spectrum of radiative atomic J-shocks is now well understood following the pioneering work of Cox (1972) and subsequent studies by Dopita (1976 Dopita ( , 1977 Dopita ( , 1978 , Raymond (1979) and Shull & McKee (1979) . Whilst the coupled ionisation-cooling balance equations are readily solved in the cooling and recombination zones of the shock, the optical/IR emission line spectrum also depends on the ionisation state, temperature and magnetic pressure of the gas entering the shock. For fast shocks (Dopita & Sutherland 1996; Allen et al. 2008) , the ionisation and temperature of this gas is entirely determined by the ionising UV photons produced in the cooling zone of the shock, which run ahead to pre-ionize the incoming medium. For shocks with velocities v s 150km/s, the velocity of the ionisation front is appreciably greater than the shock velocity, and an equilibrium H II region develops in the precursor medium. Thus, the ionisation state and temperature of the gas entering the shock is given simply by an equilibrium photoionisation computation using the computed upstream EUV photon field.
At lower velocities, ionising photons are still produced in the cooling zone of the shock, but the upstream photon field is weak, and the photoionisation front is trapped near the shock front. This case was first treated in a semianalytic fashion by Shull & McKee (1979) . In this calculation, the thermal balance of the pre-shock gas was not treated, since heavy element cooling was not included. The radiative transfer of hydrogen-and helium-ionising photons was treated using a mean photoionisation crosssection approximation. For the heavy elements, a similar formalism as used for hydrogen and helium was applied to compute the complete ionisation state of the gas entering the shock.
Since the precursor partly-ionized zone in slow shocks is relatively thin, the timescale for incoming atoms to be advected through this zone can be considered short compared to the recombination timescale. In this case, to a good approximation, we can simply balance the upstream EUV photon flux (cm −2 s −1 ) coming out of the shock, F up , with the number of ionized atoms advected into the shock (cm −2 s −1 ). Thus, considering only hydrogen, F up ∼ xn H v s , where n H is the number density of hydrogen atoms in the pre-shock gas, v s is the shock velocity, and x is the fractional ionisation of hydrogen in the gas entering the shock. The approximate validity of this simple equation to compute the self-consistent pre-ionisation state of the gas entering the shock can be confirmed by comparison with Fig 5 of Shull & McKee (1979) .
In this paper we provide for the first time a fully-self consistent treatment of the pre-shock ionisation and thermal structure by iteratively solving for the fully timedependent photoionisation, recombination, photoelectric heating and line cooling of the pre-shock (atomic) gas as it is advected into the shock. We cover a velocity range of 10 < v s < 1500 km/s which allows us to distinguish the transition to the fast-shock regime, as well as identifying various thermal and ionisation transitions which occur in slower shocks. The models presented here cover pre-shock densities up to 10 4 cm −3 , and we study the effects of density and pre-shock magnetic fields on cooling lengths and compression factors. In the next paper of this series, we will apply these new models to the emission line diagnostics of Herbig-Haro shocks in the velocity range of 20 < v s < 150 km/s, and demonstrate how these models can assist in developing our understanding of the physical parameters of Herbig-Haro outflows and mass-loss from pre-main sequence stars. This paper is structured as follows. In Section 2 we briefly summarise the status of the MAPPINGS code used in these computations, in section 3 we provide the method of solution of the Rankine-Hugoniot flow equa-tions in terms of pressure (gas pressure, ram pressure and magnetic pressure). In Section 4 we describe in detail our new treatment of the time-dependent shock photoionized precursors, introducing the concept of the precursor parameter in section 5. Section 6 demonstrates the existence of four distinct regimes of shock solutions of which three have partially-ionized precursor regions. We investigate in detail the effect of the magnetic field on the structure of both the shock and its precursor in Section 7, and in sections 8 to 14 we provide a number of useful scaling relationships that could be used to interpret the physical properties of observed interstellar shock waves.
THE MAPPINGS CODE
The original MAPPINGS code (Binette et al. 1985) was developed out of an earlier code by Dopita (1976 Dopita ( , 1977 Dopita ( , 1978 in order to provide a single framework within which to model the emission line and continuum spectra of equilibrium ionisation objects such as HII regions while at the same time being able to do the same for plasmas which are well out of collisional or photoionisation equilibrium such as the radiative shocks in supernova remnants (SNR) or Herbig-Haro shocks and their precursor zones. This is accomplished using a time-dependent matrix solution to the coupled ionisation/cooling equations, and treating equilibrium plasmas and special examples of the time-dependent case as time t → ∞. The MAPPINGS II code extended the earlier code to include many new atoms, ions, and physical processes by Sutherland & Dopita (1993) . The MAPPINGS III code was further extended to include dust heating (Dopita & Sutherland 2000) and its non-equilibrium heating and IR emission (Groves et al. 2004 (Groves et al. , 2006 Dopita et al. 2005) . The earlier version of the MAPPINGS IV code was described by Dopita et al. (2013) , and included improved treatment of temperature-dependent collision strengths, and line excitation and recombination under a κ−distribution of electrons (Nicholls et al. 2012) , as well as in the simple Maxwell-Boltzmann case.
This much improved MAPPINGS V code 2 will be discussed in detail in a forthcoming paper (Sutherland & Dopita, 2017) which provides new cooling function computations for optically thin plasmas. This is based on greatly expanded atomic data of the CHIANTI 8 database. The number of cooling and recombination lines has been expanded from ∼ 2000 to over 80, 000, and temperature dependent spline based collisional data has been adopted for the majority of transitions. As en example, we present in Figure 1 a plot of all emission lines with strength > 10 −6 of Hβ in a model of a 600 km/s shock with no magnetic field and with solar composition propagating into fully ionised gas, and cooling from about 5 × 10 6 K down to 10 4 K. The new and expanded atomic dataset provides greatly improved modelling of both thermally and photo-ionized ionized plasmas. In particular, the code is now capable of predicting detailed X-ray spectra of non-equilibrium plasmas over the full non-relativistic temperature range, which will greatly increase its utility in Cosmological simulations, in modelling cooling flows, and in generating accurate models for the X-ray emission from shocks in supernova remnants.
SOLVING FOR THE SHOCKED FLOW
In the literature one can find many expressions for the Rankine-Hugoniot flow equations (Rankine 1870; Hugoniot 1887) , both for isentropic (reversible) flows and for entropy producing shock solutions (Cox 1972; Shull & McKee 1979; McKee & Hollenbach 1980; Bertschinger 1986; Innes et al. 1987; Shapiro et al. 1992; Dopita & Sutherland 1996) . Some of the many forms which have been used can also be seen in the NACA Techical Report 1135 (1953 .
In this work we use a variation on previous solutions by choosing an integral form of the conservation laws (which helps to eliminate numerical roundoff errors), and focus on pressure as the principal flow variable, since this provides the principal driving force in all shock phenomena. Between any two points in the flow, f 0 and f 1 , denoted by subscripts, the integral conservation laws for a radiative ideal gas with a magnetic field can be written in terms of the usual primitive variables [P, ρ, v, B] . However in this work we combine the mass density, ρ, the velocity v and magnetic field strength (B, the perpendicular component to the velocity vector) into pressure terms [P, P ram , P B ] to simplify the expressions and make the relative contributions of the driving internal, dynamic and magnetic terms more apparent. Here the variables have their usual meanings, unless noted otherwise, and generally the velocities are taken in the shock front frame of reference. We use Gaussian magnetic c.g.s units throughout (i.e. magnetic µ 0 = 4π).
First, mass conservation and continuity means,
and so,
where x is the compression factor in terms of density. The transverse component of the magnetic field, B, (taken to be frozen to the matter in the flow, ideal MHD) is constrained by,
We then define three pressures:
Ram:
Magnetic:
where : k is the Boltzmann constant, T is the temperature, n is the total particle number density, µ is the mean molecular weight per particle, m is the atomic mass unit, and E is the internal specific energy. Both n and µ are computed self-consistently from the ionization state of the plasma, and include both ions and electrons. The conservation of momentum flux, can expressed in terms of the pressure balance:
Finally, If the polytropic index γ is combined into a more compact factor, g = γ/(γ − 1), then the specific These are given for a 600 km/s shock propagating into fully ionised gas with solar composition and zero magnetic field. The ability of the new code to produce detailed X-ray spectra and to generate more reliable diagnostics is made clearly evident in this plot.
energy equation can be written:
where the averaged radiative losses, L , are included as emissivity by volume (erg cm −3 s), over a time interval ∆t (taken as the flow time between the points), the radiated energy lost between f 0 and f 1 is L ∆t (erg cm −3 ). In practice L for a given step is solved iteratively, taking the average of the cooling before and after the step, allowing the ionisation state to evolve. Since the cooling is coupled to the ionisation state and temperatures (via the gas pressures and density here) a series of iterations for the mean cooling and step evolution is made until the results converge. This is effectively a form of operator splitting for the cooling. In this work the polytropic index γ is taken to be constant, equivalent to assuming the gas remains as an ideal monatomic gas throughout.
Solutions
We derive a solution to the compression factor, x = ρ 1 /ρ 0 , between any two points in the flow, allowing for both the steady flow and shock jump solutions in the same solver, following Cox (1972) . Since the radiative losses may not be zero, the flows are neither reversible, nor strictly isentropic. The discontinuous shock solution is assumed to occur over ∆t = 0, and is thus radiatively lossless.
The compression ratio x between any two flow points, f 0 and f 1 , in terms of the flow variables at f 0 , is the largest positive root for x = ρ 1 /ρ 0 , in the cubic equation:
This applies to both supersonic shocked, compressible flows, (M > 1) and to steady approximately isentropic flows (M < 1). Equation (10) above can be solved quite efficiently using a standard Newton iteration scheme. Once x is known, the rest of the flow variables at f 1 can be determined from [ρ 0 , v 0 , P 0 , B 0 ; P B,0 , P ram,0 ], by simple substitution into equations (1)-(3) above to get ρ 1 , v 1 , and B 1 , thence P B,1 and P ram,1 , and finally P 1 from equation (8).
The integral form of the momentum and energy equations makes it convenient to check that the solution is conservative to numerical roundoff precision at every step in the calculation applying equation 9 both before and after the step. A shock jump occurs when γP/P ram = 1/M 2 < 1, and 2P B /P ram = 1/M 2 A < 1, the larger root from equation (10) results in an increase in entropy (as P/ρ γ ), while the smaller root at x = 1 is trivially isentropic and steady, that is no change, since ∆t = 0 and radiative losses are zero across the jump. In the this case the steady roots can be further eliminated by polynomial division by (x − 1), to give a quadratic expression for the shock jump solutions with no losses. This quadratic cannot be used for the steady flow solutions, but can be solved algebraically and serves as a check for the iterative solution to the cubic equation over the shock jump.
or in terms of M 2 = γP ram /P and α = P B /P , the ratio of magnetic to gas pressure;
In the post shock gas the flow is subsonic, M < 1 and M A < 1, and the cubic gives two roots, the larger being ∼ 1, steady and isentropic. If the losses are non-zero then the root is shifted in the neighbourhood of 1.0.
TIME-DEPENDENT SHOCK PRECURSORS
The shock jump solution which gives the post-shock temperature, T s , as a function of the shock velocity, v s , depends in part on the mean molecular weight of the particles entering the shock, µ. A substantial fraction of the kinetic energy flux into the shock is converted to internal energy, and hence to the gas pressure. The RankineHugoniot relation for temperatures in terms of the shock Mach number is,
see NACA Technical Report 1135 eq 95 (1953) . In the limit of M 0 >> 1, this yields an expression for the post shock temperature, eg. McKee & Hollenbach (1980) , Dopita & Sutherland (2003) ,
where m u is the atomic mass unit (1.66053904 × 10 −24 g; CODATA 2014), γ is the adiabatic index in an ideal gas, and k the Boltzmann constant.
The mean particle mass, µm u , is determined by the ionisation balance of the plasma in the pre-shock region. As the ionisation state changes, the mix of light electrons and heavier ions changes, so that in non-molecular, γ = 5/3, solar composition plasmas, µ can vary from ∼ 1.2 in neutral gas, to ∼ 0.6 in the fully ionized case. Thus, for a given shock velocity in the local interstellar medium (ISM), the post shock temperature may vary by a factor of two depending on the ionisation state of the pre-shock, or shock precursor region. The subsequent ionisation and collisional excitation and line emission in the cooling post-shock region depends strongly on the temperature of the plasma, so it is clearly very important to determine a self-consistent value for the pre-shock ionisation in order to correctly compute the emission line spectrum of the shock.
In addition, for fast shocks, the line emission from the photoionized shock precursor itself can become an important fraction of the total spectrum emitted by a radiative shock (Dopita & Sutherland 1995; Allen et al. 2008) . To compute the effect of the shock precursor emission, we need to solve for the time-dependent photoionisation, heating, and radiative transfer of the ionizing photons escaping upstream from the shock in the plasma which is being advected into the shock.
Preheating
Even a shock with a velocity which is modest by astrophysical standards (∼ 50 km/s) can heat plasma to many thousands of degrees. This shocked gas emits line and continuum radiation as it cools. A fraction of the radiation consists of photons in the hard UV or X-ray bands which can then photoionize nearby gas. Much of this ionisation occurs in the pre-shock gas which is being advected into the shock. In the frame of the shock front (following from equation (12), and ignoring magnetic field terms), this pre-shock material is also being compressed to the post-shock density on passage through the shock:
ρ s ∼ 4ρ 0 in the strong shock limit , γ = 5/3, M >> 1 , where M is the Mach number in the pre-shock flow. The feedback of the UV radiation field on the surrounding plasma results in the first iterative problem when computing the resulting shock structure, since the upstream field is capable of both pre-heating and pre-ionizing the precursor material. This changes the sound speed, c s , and reduces both the Mach number, M, and the shock compression factor (see equation 15). With these altered shock parameters, the computed total emission in the shock -which would otherwise be approximately proportional to density squared -can drop. This in turn reduces the computed pre-heating. Thus, it is necessary to solve for the self-consistent pre-ionisation and heating in an iterative manner. In the models presented here, an initially cold preshock region is used to compute a hot dense shock, which in turn is used to pre-heat the precursor. A subsequent (somewhat lower density and cooler) shock is computed with the new pre-shock sound speed, and a new preheating is evaluated. If the precursor is estimated to be too hot, the Mach number drops and the shock emission is reduced via a lower compression ratio leading to lower post-shock densities. Although the non-linear nature of this shock-precursor heating coupling could potentially lead to some instability, in the range of shock studied so far, from 10 − 2000 km/s, this preheating cycle generally converges to << 1 % temperature variations in between 5 and 30 iterations.
Pre-ionisation
In addition to simply heating the pre-shock gas, the EUV shock emission can also photoionize the pre-shock gas. If more electrons are present, µ will drop from the low-velocity limit of ∼ 1.2 to ∼ 0.6 when the preshock plasma becomes fully ionized. The onset of appreciable pre-ionisation occurs at shock velocities above ∼ 65 km/s, and shock and precursor structure iterations are again needed to arrive at a steady-flow solution. This ionisation limit is more or less independent of the preshock temperature, being primarily a function of the increasing energy of the upstream photons. Below 65 km/s, the pre-heating which can heat the plasma to ∼ 10 4 K produces only a small degree of collisional ionisation.
In practice, the pre-ionisation and pre-heating are closely coupled, so in MAPPINGS V both are computed within a single iterative scheme in which we empirically iterate the shock-precursor system with numerical integration techniques until a series of parameters, including Mach number, compression factor, hydrogen and helium ionisation fractions become steady within a chosen limit between iterations.
In figure 2 the upper left panel shows the ionisation fractions of hydrogen, with a curve for each iteration. The right hand edge of the panel shows the ionisation state reaches a steady value after relatively few iterations while the outer regions continue to evolve.
Radiative Transfer
We consider a parcel of neutral gas in a proto-state; temperature T pro , ionisation state χ pro , number density n pro , etc. Starting at a distance x pro , and moving at the shock velocity v s . With N steps in space dx = x pro /N , time steps are simply, dt = dx/v s . Calculations begin at t = 0, x = x pro and integrate to t = x pro /v s , x = 0.
As a parcel of gas approaches the shock ( from left to right in Figure 2 , seen in the frame of the shock front at x = 0 ), it sees the shock ionizing photon field though the intervening parcels of gas that will precede it, but which have not yet been computed. So, to compute the local ionisation, we need to determine the upstream shock radiation field, φ absorbed by the intervening gas not yet traversed. To calculate this we need to know the ionisation state of the plasma throughout to compute the local absorption cross sections. The ionisation state gives the abundances of each species and the photoelectric cross sections sum to obtain a total cross section and hence opacity at each point. In the lower left panel, the mean cross section, averaged over i species and weighted by the radiation field, φ(ν), notionally:
is shown evaluated numerically locally. Internally the MAPPINGS V code does not use this mean quantity, but instead integrates at 7977 frequency/energy bins from 10
to 10 5 eV, of which approximately 3000 bins are between 13.598 eV and 1000 eV. This covers the vast majority of ionising flux energy even at the highest shock velocities. In these shock models, the precursor opacity due to hydrogen dominates, and the mean cross section drops from ∼ 3.0 × 10 −18 cm −2 per hydrogen atom to approximately ∼ 3.0×10 −20 cm −2 /H atom at the point indicated by (b) in the panels, and is less in the ionised region (c). Summing the ion populations into ion columns for all the plasma between each point and the shock front allows the total cross section and opacity per ion as a function of frequency to be computed. The shock field is thus attenuated at each point, which varies in each iteration as the columns change. The lower right panel shows the averaged attenuation from the shock front to point of the ionising field (that is everywhere the cross sections are non-zero, predominantly above the ionising threshold of hydrogen at 13.598 eV.
In the past, Shull & McKee (1979) used the idealised radiative transfer method described in Section 1, while Binette et al. (1985) approximated the entire precursor as a single zone with a mean field. Initially neutral, the pre-shock gas was exposed to the upstream radiation field, and the ionisation was solved with single-slab timedependent ionisation and temperature evolution across the zone. The photons absorbed in this single slab were matched to the upstream ionizing photon field. The shock structure was iterated with the computed incoming pre-ionisation until convergence was attained. This approach worked fairly well within its limitations, but the shock precursor structure remained highly approximate. In general, using the mean field will underestimate the true field at the shock front, and potentially underestimate the ionisation. In addition the single zone method depends on a good estimate of the zone depth, or x pro . If the single zone is too large the mean field is too low and the time step is too long, and if too small then the field may be too high and the time step too short. Fortunately these two effects cancel to some degree, but the method still remains dependent on the initial guess at x pro . 4.3.1. Multi-Zone Iterative Scheme With the greater computer resources now available, we can now take a multi-zone approach to the precursor, solving for x pro fully self-consistently, and integrating the field (over N ∼ 100 steps) to achieve a stable solution for the ionisation, temperature and line emission properties throughout the precursor region. This approach addresses the key shortcoming of using a single mean field on the final time dependent ionisation (µ) and temperature T , and hence c s and M.
In the case where the precursor is small, and the plasma does not have time to become fully ionised before entering the shock we aim to capture the entire precursor structure, since the ionisation state never reaches equilibrium and the state at the shock front depends on the entire structure and the time integral through it. In this case the time-dependent multi-zone structure can be summed to recover the (faint) precursor spectrum.
In the case (described later) where the precursor becomes large and the ionisation reaches equilibrium before it enters the shock, we need only to capture enough of the precursor to achieve the equilibrium state entering the shock to get a steady shock model. In this case the time-dependent multi-zone structure may only be a partial representation of the true precursor. It is important to note that in this case, once equilibrium is reached, information about the the proto-ionisation conditions are lost to the shock, however the ionisation state at the Fig. 2. -The multi-zone iterative approach to the solution of the pre-shock structure for a 150 km/s shock. Upper Left, the ionisation state, Upper Right, the temperature. The colored curves are the final solution, while the other curves represent successive iterations. Lower Left the mean absorption cross section per H atom, averaged and weighted by the local radiation field. Lower Right the mean attenuation of the ionising field through the precursor. For these faster shocks, where the precursor is thick, many iterations are needed to obtain the complete ionisation structure, but relatively few are needed to determine the pre-ionisation conditions of the gas entering the shock. (Ψ is the precursor parameter, see section 5 for its full definition.)
shock front is well defined.
The method used here is essentially a relaxation method. The complete plasma state: temperature, density and ionisation state of all species, at each point, plus the integrated column densities from that point to the shock front (to derive opacities using photoelectric cross sections for each species) of all species, are allocated to memory. Initially all the zones are filled with the proto-conditions, generally a neutral and cold state, and an initial shock is run, which because of the large µ gives an over-dense hot initial solution.
Next, assuming the entire precursor is in the neutral proto-state, a precursor starting point position, x pro is chosen, corresponding to an optical depth between 5 and 10 on the basis of the sum of all photoelectric and dust opacities for all the species present. A time-dependent ionisation calculation (Binette et al. 1985; Sutherland & Dopita 1993 ) is then performed in which the field is re-evaluated in each step to be consistent with the changing column densities towards the shock as the parcel approached the front. The resulting state in each zone is saved and after the first bf integration of the ionisation state and the computation of the resulting column densities of the ions, the array of species column densities is recomputed using the new array of states. The opacities drop near the front since the ionisation increases there. A second iteration, starting again at the proto-state, at x pro is then run using the revised column densities and the radiation field as modified by the time-dependent ionisation solution.
In subsequent iterations, if the mean opacities drop due to ionisation of hydrogen in particular, the outer x pro is adjusted outwards and new zones added until its ionisation remains close to the proto-state between successive iterations, and within each zone the column density, temperature and ionisation structure remains unchanged between iterations. In this way a stable solution of the temperature and ionisation structure of the entire precursor is obtained.
Equilibrium Pre-ionisation
When shocks are fast enough, the ionising photon production rate in the cooling zone can become sufficiently large as to push an ionisation front into the upstream gas at a velocity greater than the shock velocity. To deal with this case, the multi-zone model could be extended outwards indefinitely, limited only by memory and cpu constraints. However, in those cases where a detailed knowledge of the emission from the precursor is not important, all we really need to know is the temperature and ionisation state of the plasma entering the shock. MAPPINGS V can optionally attempt to compute the entire precursor in this case, but more commonly the precursor model is only extended until the ionisation and temperature of its inner zones near the shock reach equilibrium. For fast enough shocks, this procedure provides pre-shock conditions very similar to the photoionisation equilibrium model described in Dopita & Sutherland (1996) and Allen et al. (2008) .
Computed Shock Grid
We have run a series of shock models with the Local Galactic Concordance abundance set as given by Nicholls et al. (2017) . These abundances are listed in Table 1 . The key difference with respect to the solar photospheric abundance (Asplund et al. 2009 ) is a +0.05 dex enhancement of oxygen and a +0.03 dex enhancement in iron.
The ram pressure, P ram may be usefully scaled to that of a shock with velocity of 100 km/s moving into an ISM with pre-shock density n H = 1.0. Defining a ram pressure variable, R = (n H /1.0 cm −3 ) × (v s / kms −1 ) 2 , three pressure ranges were computed with R = 10 4 , 10 6 and 10 8 , corresponding to n H = 1, 100, and 10 4 at 100 km/s. This allows us to explore the effect of density collisional de-excitation on the radiation field of the shock, and the corresponding effect on pre-ionisation. Finally, to adequately explore the effect of magnetic field, five sets of models with ranging from to zero, weak and moderate, to very strong magnetic fields, were computed.
We define a magnetic to ram pressure ratio:
This is analogous to the gas pressure ratio η G = γP/P ram = 1/M 2 . This quantity, η M , is the inverse of the Alfvén Mach number squared, and indicates the relative strength of the pre-shock magnetic field for a given shock. The benefit of using this form is that η M can go to zero when the magnetic pressure considered becomes insignificant, avoiding the infinities of the more common Mach number form.
So, the shock grid consists of 15 cases, set by the parameters η M = 2P B /P ram , and ram pressure R = n H v 2 s . The grid of η M , and R are given in table 2, along with the associated values for: B 0 , the pre-shock magnetic field (µG), M A , the Alfvèn Mach Number, P ram , ram pressure in c.g.s units, plus the pre-shock density n H (cm −3 ) at a reference 100 km/s. For each η M , and R, a series of models form a velocity grid from 1.0 < log 10 v s ≤ 3.18 in 0.02 dex steps. Of these, the 95 models from log 10 v s = 1.30 (∼ 20km/s) to log 10 v s = 3.18 (∼ 1500km/s) are listed in the tables that follow, being the models were the post-shock temperature exceed 10 4 K. The models with v s less than 20km/s produce very little emission, and the exact values of the shock structural properties, such as pre-shock temperature are numerically uncertain, and temperatures become limited numerically by the code to 10K, and so are not as reliable as the faster shock models.
In cases where the density reaches high values (for weak or no magnetic fields and for large R), collisional de-excitation modifies the emission, to a variable extent depending on the energy interval or line being considered, see below. When B is weak, η M = 0.001, the magnetic parameter contributes little to the post-shock pressure. The post shock gas still compresses efficiently and the majority of the energy density is available for re-radiation. As η M increases to η M = 0.01, moderate B, and η M = 0.10 strong B, the energy available for emission is reduced and post-shock densities are likewise limited by magnetic pressure. Thus, the models were divided into η M groups, 0 − 0.001, 0.01, and 0.10, denoted Standard, Moderate and Strong magnetic cases, each containing all the R values for that η M range as a group.
THE PRECURSOR PARAMETER
The dimensionless ionisation parameter U is defined as the ratio of the number density of ionising photons (above the ionisation potential of hydrogen ∼ 13.598eV ) to the hydrogen atom number density. This can be also written as U = Q/c, where Q is the ionisation parameter in terms of the ratio of ionising photons flux (cm −2 s −1 ) to the hydrogen number density (cm 3 ). To first order Q can be thought of as the velocity of an ionisation front that would be driven into a neutral medium by an ionising radiation field. We can compare this ionisation parameter in the upstream radiation field generated by the shock to the shock velocity v s to form the shock-precursor parameter first introduced by Shull & McKee (1979) :
When Ψ < 1, the shock velocity is greater than the velocity of the precursor ionisation front. The photons Notation: x.xxx ± yy represents x.xxx × 10 ±yy are trapped by the flux of incoming neutral particles, and there is only a finite time for ionisation and recombination between the moment when the particles enter the precursor region and when they enter the shock. This is the case where the multi-zone model is required to capture the entire flow structure. The optical depth gradients limit the maximum extent of the precursor zone. As explained in Section 1, Ψ approximates to the fractional ionisation of the gas entering the shock. This approximation is remarkably good, as can be seen from Figure  3 , below. When Ψ > 1, the precursor is faster than the shock and the photons can establish an extended ionized region ahead of the shock that will grow until the ionisations are balanced. In this case the inner regions can become very transparent and large parts of the structure are in high intensity fields, with the optical depth changing rapidly only at the outer edge of the partially ionized precursor. Within the extensive optically-thin pre-ionized region, recombinations set the optical depth gradient, and the structure of the photoionized precursor approaches that of an equilibrium H II region.
For simplicity, consider a pure hydrogen plasma. Within a column, ∆r , the number of recombinations equals F , the absorbed flux of ionising in photons/cm 2 /s:
where α(T ) is the recombination coefficient, and n H is the hydrogen number density. Now, from its definition, Q = F/n H , so Q = n H α(T )∆r and ∆r = Q/[n H α(T )]. The hydrogen recombination timescale in the plasma is τ r = 1/[n H α(T )], and the time required for a particle to cross this region is t = ∆r/v s = τ r Q/v s = τ r Ψ. These relations can be used to pre-estimate the approximate size of the multi-zone precursor structure when Ψ > 1, adopting the conventional estimate of T ∼ 10 4 K. It is important to note that the multi-zone relaxation iterative method described here can continuously model the transition from an optical depth limited trapped precursor to an extended precursor in which region near the shock are optically thin and approach photoionisation equilibrium. The approximate single zone methods used earlier cannot properly model the cases where Ψ approaches and exceeds 1, although they may be adequate for the case Ψ << 1. From the work of Shull & McKee (1979) ; Binette et al. (1985) ; Dopita & Sutherland (1996) and Allen et al. (2008) when Ψ > 1 (v s > 120 − 150 km/s), the structure of the extended precursor can be approximated as an isochoric (constant density) equilibrium photoionisation region. While its extended nature is clear, what is less clear is whether equilibrium conditions really apply. This can only be verified easily using a full time-dependent calculation. As will be shown below, not only do the fast auto-ionising shocks with ∼ 150 km/s and above have extended ionized precursors, but time-dependent multi-zone models confirm that the plasma entering the shock front approaches photoionisation equilibrium to a high degree of accuracy. Thus, we show that not only is the equilibrium precursor treatment for these shocks valid, but indeed is in some respects preferable to the more complex time-dependent approach adopted here.
6. VELOCITY SEQUENCE, SHOCK TYPES For shocks with Ψ < 1, where the ionisation front is trapped close to the shock front, we have identified three general classes of shocks. When Ψ > 1 we enter into the fast shock regime, where an HII region in photoionisation equilibrium is maintained in the pre-shock region. The transition between Ψ < 1 and Ψ > 1 occurs at about 120 km/s for shocks with low magnetic parameter, and increasing magnetic parameter drives the transition to higher velocities. Referring to Figures 3, 4 and 5, we now examine in more detail the structure of these classes of shock.
Cold Neutral Precursors
In very low velocity shocks (v s < 40 km/s), region (a) in Figure 3 , moving into an un-ionized medium, the upstream precursor radiation field is both too weak (low Q) and too soft to either ionize or heat the gas entering the shock front. The opacities in the precursor region remain nearly constant, and rapid convergence is achieved in the iterative solution of the precursor structure.
An example of the structure at 30 km/s is shown in Figure 4 . Here, the ionized fraction of HI remains at ∼ 1.0 × 10 −5 and the electron temperature is unable to rise much above 100 K. In passing through the shock, the electron temperature jumps from ∼ 100 K to 26,000 K. Inefficient cooling, due mainly to the lack of electrons, gives rise to a relatively long overall cooling length. This is dominated initially by fine structure cooling from neutral species plus Lyman alpha accompanied by collisionally enhanced two photon cooling (zone a in the figure). In zone b the cooling is dominated by singly ionised species until the temperature falls below 1,000 K.
Warm Neutral Precursors
In shocks in the velocity range (40 v s 80 km/s), region (b) in Figure 3 , the precursor radiation field contains enough high energy photons, albeit at a very low ionisation parameter, to produce some energetic electrons which can heat the gas significantly. While the total ionisation remains low, the heating per-ionisation rises, and since this is not balanced by efficient electron collisional cooling, the electron temperature can rise over 10 4 K. This preheating affects the pre-shock pressure and internal energy flux into the shock, altering the solutions by lowering the effective Mach number of the shock. Since in these shocks the ionisation state is low and hence the HI opacity remains high and nearly constant, the time-dependent heating and ionisation solution is well behaved, and converges rapidly (typically in less than 10 iterations).
An example of the structure of such a shock with v s = 60 km/s is shown in Figure 4 . Preheating of the precursor is strong, but without strong ionisation, the largely neutral precursor has an optical column of a few ×10 18 cm −2 . Heating of the gas is efficient and reaches more than 10,000K, reducing the Mach number of the shock. The initial cooling from over 100,000K is very strong, and is followed by a second region of cooling by more ionized species. Internal photoionisation plays little or no role in the structure of the cooling zone.
Warm Partially Ionized Precursors
When the shock velocity rises above 80 km/s, 0 < Ψ < 1.0, region (c) in Figure 3 , and the fractional ionisation of hydrogen in the precursor plasma closely tracks the value of Ψ. The pre-shock ionisation fraction is sufficient to modify the shock structure, and the plasma is both less ionized and appreciably hotter when entering the shock than would be the case if the gas had time to come into equilibrium with the precursor field. This ensures that µ is somewhat higher than an equilibrium model would predict. Consequently the post-shock temperatures are higher than would be found in an equilibrium model, or in the case that the precursor is kept fully ionized by an external source of EUV photons.
Fully ionized Precursors, Fast Shocks
Once Ψ rises above 1.0, for shock velocities above 140 km/s, region (d) in Figure 3 , hydrogen is effectively fully pre-ionised. For faster shocks, additional changes in the mean molecular weight of the gas entering the shock occur as helium becomes first singly, and later doubly ionized. These changes result in small changes in the pre-shock temperature. By ∼ 200 km/s, the preshock hydrogen is also effectively fully ionized and we have entered the fast shock regime modelled by Dopita & Sutherland (1995) ; Allen et al. (2008) , in which the pre-ionisation problem can be treated as one of equilibrium photoionisation.
While the precursors remain similar for the fast shocks, changes occur in the photoionised tails of the fast shock, which is effectively a lower ionisation parameter version of the precursor, as shown in Figure 5 . Region c is similar to Figure 4 , but above 600 km/s the temperature structure becomes more complex as soft x-ray heating becomes important to the thermal balance. Thus, 600 km/s represents a division in the fast shocks where x-rays generated by the cooling post-shock gas come to significantly influence the ionisation state of the recombination tails and to a certain extent the precursors.
These four regimes are well-illustrated in Figure 3 in which we plot pre-shock and the post-shock variables as a function of shock velocity (the magnetic field is set to zero). Within each shock regime, changes in the postshock temperature, molecular weight and Mach number are driven by the pre-shock temperature and the mean atomic weight µ of the gas entering the shock.
EFFECT OF MAGNETIC FIELDS
The shock converts a kinetic energy flux largely into internal thermal and magnetic energy in the post shock re- Fig. 3. -The pre-and post-shock parameters as a function of shock velocity. The left hand panel gives the pre-shock temperature, Tpre, the precursor parameter, Ψ, and the fractions of ionised and neutral hydrogen (F HII and F HI , respectively). Note how well Ψ tracks F HII in the regime Ψ < 1.0. The right hand panel gives the post-shock temperature, Ts, the Mach number of the shock, M, and the mean atomic weight of the gas entering the shock, µ. The deviations of the post-shock temperature with velocity from the slope = 2.0 (shown as a dashed line) are driven by changes in the molecular weight of the pre-shock plasma. The quantities with the subscript EQ show what would be obtained in the precursor if we had assumed a one-zone photoionisation equilibrium pre-ionisation, rather than solving for the full pre-shock ionisation and heating balance.
gion. The thermal component of this energy is available to be re-radiated upstream, unlike the magnetic postshock energy. Thus, for the same total pressure, as the relative fraction of the internal energy of the shocks in magnetic pressure increases, the post shock temperature drops, and consequently higher velocities are needed to preheat and pre-ionise the precursor region.
We define a magnetic to ram pressure ratio
A , analogous to the gas pressure ratio η G = γP/P ram = 1/M 2 . This quantity, η M , is the inverse of the Alfvén Mach number squared, and indicates the relative strength of the pre-shock magnetic field for a given shock. The benefit of using this form is that η M can go to zero when the magnetic pressure considered becomes insignificant, avoiding the infinities of the more common Mach number form.
In figure 6 , we show the shock and precursor temperature structure for the η M = 0 (B = 0) case , and for the η M = 0.1 case (corresponding to M A = ∞ and √ 10). Note that the recombination zone (c) is appreciably thicker in the high magnetic field case due to the magnetic field both limiting the compression factor, and reducing the cooling rate, while the decrease in the production of ionising photons in the cooling zone of the shock causes Ψ in the precursor region to drop to well below below unity in the case of high magnetic field.
The structure of the precursor is profoundly modified, see left hand panel of figure 6 . In the case of zero magnetic field we have an initial phase of heating of the pre-shock gas (a), followed by an increase in ionisation and superheating of the plasma (b). Finally, ionisation and temperature reach equilibrium at a lower temperature with enhanced cooling in the presence of abundant electrons (c). In the high magnetic field case, the initial heating occurs, but phase (b) is only partial. The overall structure here resembles a 60-90 km/s shock with η M = 0; compare, for example, with figure 4.
COMPRESSION FACTORS
In this, and in the following Sections, we present some useful scaling relationships for radiative shocks covering the full velocity range liable to be encountered in real astrophysical objects. These parameterised fits enable the relatively straightforward computation of physical properties of radiative shocks which may be compared with observations.
Compression at the Shock
For strong shocks in monoatomic gases without magnetic fields, the compression factor across the shock is 4.0. However, in these self-consistent shocks with preionisation and heating, the compression factor across the shock may differ appreciably from this figure. This is shown in Figure 7 .
Taking the zero magnetic case first (η M = 0.0). At very low velocity, the cool un-ionised gas in the precursor suffers a large Mach number shock, so the compression factor is very close to 4.0, that is (γ + 1)/(γ − 1), for γ = 5/3. When the pre-shock gas is heated, the Mach number falls steeply, and the compression factor is reduced. Note that, at high density, the cooling in the preshock gas is suppressed by collisional de-excitation of, in particular OI and NI, and the transition to a heated precursor occurs at lower velocity. Above log v s ∼ 1.5, Fig. 4 .-The temperature structure of (left) the precursor, and (right) the shock, for four characteristic shock velocities. In the 30 km/s case, the pre-shock gas is still effectively neutral and cool, and the post-shock gas has a large cooling column, due to the scarcity of electrons. In the 60 km/s case, the pre-shock plasma is warm but fairly un-ionised. At 90 km/s the pre-shock gas is starting to become ionised, and by 120 km/s the pre-ionisation is approaching unity. Finally, the 150 km/s model is into the regime of fast shocks with equilibrium pre-ionisation. Note the lower temperature of the gas entering the shock in this case. These temperature and ionisation states are reflected in the post-shock temperature structure, where we define three shock zones; (a) where the gas is relaxing towards collisional ionisation equilibrium with strong cooling due to hydrogen. (b) the cooling zone of the shock, and (c) the recombination zone of the shock in which photoionisation effects are important.
both the Mach number and the shock compression factor rise monotonically back to the strong shock limit. The fluctuations in this progression are caused by changes in the mean molecular weight of the gas entering the shock as a consequence of pre-ionisation. At higher values of the magnetic field, the behaviour is qualitatively similar, but the limiting compression factors are correspondingly lower, and the effect of pre-heating in the precursor is less marked.
Compression Through the Shock
Very frequently, the final compression factor through the shock is estimated from a strong isothermal approximation in which the post-shock gas returns to the preshock temperature, and the initial and final temperatures are constant at all velocities. In this case, for an isothermal shock without magnetic field, the shock Mach number is proportional to the shock velocity, and it is trivial to show that the final compression factor varies as M 2 . A magnetic field provides additional pressure support, which strongly limits the compression factors that can be achieved. If the magnetic field is frozen in the flow (equation 3), then ignoring the gas pressure in the post-shock gas relative to the magnetic pressure, we can equate the pre-shock ram pressure to the post-shock transverse magnetic pressure to obtain the maximum compression factor in the shock in terms of its Alfvèn Mach number:
Extending the strong isothermal approximation to an arbitrary ratio of magnetic pressure to gas pressure in the pre-shock gas, Draine & McKee (1993) obtained:
(22) In our models this isothermal assumption is not made, and both the initial and final temperature are a function of the shock velocity. In addition, we impose no arbitrary limit to cooling, but note the increasing inaccuracy due to the absence of molecules in our models (which may become important below a few thousand degrees if dust conditions are favourable) and the increasingly poor atomic data at low temperatures. The models are terminated at T e = 100 K so that any realistic temperatures are bounded from below. We will now investigate whether any relationships between velocity or Mach number exist for these models.
We computed compression factors at specific postshock temperatures, 10 5 K (T 5 ), 10 4 K (T 4 ), and 10 3 K (T 3 ). T 5 is usually at a point between b and c in the post-shock structures, see Figure 4 , where the gas is still collisionally excited and is cooling rapidly. T 4 is found at the start of the shock tail photoionisation/recombination zone, c. The T 3 region is representative of the zone where only mild heating by hard photons persists and the gas is largely neutral. Figure 8 gives these computed compression factors through the shock as a function of shock velocity and of shock Mach number for different magnetic field strengths.
In the left hand panel two things are apparent. First, apart from small variations driven by the pre-ionisation microphysics, the compression in the non-magnetic case is proportional to v 2 s , the particular value being dependent on the final temperature chosen. This simply reflects the nearly isobaric nature of the cooling. Second, when magnetic fields are present, compression is limited, since as P gas in the post shock flow vanishes, P B continues to support the flow. The gas cools at constant density once P B > P gas , indicated by the α s = 1 points in the figure.
In the right panel, the situation is more complex. Preheating of the gas in the precursor means the Mach number, which depends on the sound speed and hence temperature, is multi-valued. Without a possible external effect such as an ambient radiation field, there is no simple relationship between (sonic) Mach number and compression factor. Figure 9 shows the evolution of the compression factors as a function of α = P B /P gas for different values of initial magnetic field strengths η M , or equivalently, the Alfvèn Mach numbers M A = 1/ (η M ), for shocks with velocities > 150 km/s where pre-ionisation effects are less pronounced, and the post shock temperature is well above 10 5 K. In all but the strongest magnetic field η M , the initial α 1. However, as the gas cools, the magnetic field eventually limits the compression factor. This limit is essentially independent of shock velocity or -The temperature structure of fast v >> 100 km/s. As the post-shock temperature increases to over 10 7 K, there are further changes to the shock structures. The most notable being the development of a more complex downstream photo-heated zone (a, b and c), which can become increasingly dominated by x-ray heating above 600 km/s, changing the single temperature structure at a, to a multiple zone structure at b and c. The zero magnetic field models also show temperature structure in this region, but on this column density coordinate plot the extend of the region is very compressed. The vertical dashed lines at 40, 80, and 140 km/s are marked here and in subsequent figures, to approximately divide the shock regimes discussed in the text. In later figures relating to higher energy emission, a 600 km/s points is also marked in section 12, which divides the high velocity fully auto-ionized shocks into two further domains; with and without significant x-ray heating. -The effect of the magnetic field on the pre-shock (left) and post-shock (right) structure for a 150 km/s shock. The magnetic field reduces the radiative efficiency of the shock, in this case driving Ψ to well below unity. The profile now resembles the 60-90 km/s profile in Figure 3 , consistent with a Ψ ≈ 0.27 value, showing the importance of the pre-ionsiation governed by Ψ. The effect of magnetic pressure support in the post-shock gas is to both lengthen the cooling zone of the shock (b) and to much extend the recombination zone of the shock (c). -(Left) shock jump compression factor, and (right) the Mach number of the shock as a function of shock velocity and η M = 2P B /Pram. Solid lines, n = 1.0 and n = 100 cm −3 at 100 km/s, dotted lines n H = 10 4 cm −3 at 100 km/s. Black corresponds to the η M = 0 (B = 0) case , red the η M = 0.01 case, and blue the 0.1 η M = 0.01 case. These correspond to M A = ∞, 10 and √ 10). Note the sharp drop in both Mach number and compression factor as the pre-shock gas is heated to Te ∼ 10 4 K. This transition is suppressed to higher velocity in the case of high magnetic field strength. High density suppresses OI and NI cooling in the precursor, allowing pre-shock heating of the gas at lower velocity. and shock Mach number (right), for zero, weak and stronger magnetic field strength; η M = 0 (black), η M = 1e − 4 (blue) and η M = 0.01 (red). The densities are moderate with R = 10 6 (preshock n H = 100 cm −3 at 100 km/s). Left Panel: Apart from small variations driven by the pre-ionisation physics, the compression for the non-magnetic case is proportional to v 2 s , as the post shock temperature scales as v 2 s and hence the ratio to a fixed final temperature follows. The effect of magnetic field pressure support in the cooling region of the shock is more marked. The circles mark points where the post-shock magnetic pressure equals the post-shock gas pressure, αs = 1.0. At this point the magnetic support has begun to significantly reduce the compression factors, and at higher velocities the final densities are more or less constant. Right Panel: The compression factors are multi-valued with respect to Mach number due to pre-ionisation physics; see Figure 7 , and with defined final temperatures, there is no simple Mach number -Compression relationship. The vertical lines mark the key shock type velocities of 40, 80, 140 and 600 km/s for comparison with earlier figures. Mach number, but is clearly a function of Alfvèn Mach number. On the right-hand panel of Figure 9 are shown simple linear fits to the modelled limiting compression factor as a function of Alfvèn Mach number, with respect to the shock jump compression and the total compression through the shock. The shock jump is fit with an relation ρ 1 /ρ 0 = 0.35M A , while the total compression is given by ρ 1 /ρ 0 = 1.4M A , as expected from equation 21.
9. POST-SHOCK TEMPERATURES The post shock temperature is given by eqn 14. The general variation therefore is as the square of the shock velocity, but variations in the mean atomic weight and internal energy in the pre-shock gas can affect this relationship. The post-shock temperature as a function of shock velocity is shown in the right panel of figure 5 . It shows 4 sub regions corresponding to the regimes already discussed, and a fair approximation can be made with piecewise linear fits in log-log space, with the postshock temperature, T s , as a function of shock velocity, v s , can be fit by an equation of the form:
The fitting constants A and B can be fixed in velocity ranges which roughly correspond to the different shock zones defined above. In the velocity range 10 -72.8 km/s the fitting constants are A = 1.4049, B = 2.0508. In the velocity range 72.8 -147.3 km/s the fitting constants are A = 3.5538, B = 0.8969, and in the range 147.3 -1500 km/s, A = 1.2202 and B = 1.9731 provides a good fit.
10. COOLING LENGTHS Corresponding to the final cooling temperatures, T 5 , T 4 , T 3 etc, are cooling columns n H ∆r (cm −2 ) denoted as n H ∆r = λ n where n = 3, 4, 5, 6 etc. For a given preshock density n H then a cooling length can be obtained by ∆r = λ n /n H . At a given shock velocity, provided that collisional deexcitation effects are negligible, the cooling timescale (and therefore the cooling length) of the post-shock plasma varies inversely as the density. Thus the product of the cooling length and the pre-shock density (which we will term the cooling column, since it has dimensions of cm −2 provides a quantity which, at the low density limit, is independent of density. This quantity is plotted as a function of shock velocity in Figure 10 for various magnetic field strengths and post-shock temperatures -10 6 K (λ6), 10 5 K (λ5), 10 4 K (λ4), and 10 3 K (λ3). Figure 11 shows the post-shock structure for a ∼ 300 km/s shock, and in the middle panel, the cooling columns λ 4 and λ 3 to T 4 and T 3 are indicated.
Note that Figure 10 shows, provided neither the magnetic field nor pre-shock density are too high, or the post-shock temperature is not too low (all of which serve to increase the cooling column), then for shocks with v s > 100 km/s, the cooling columns are very similar. Fitting to all the η M = 0, and η M = 0.01 models with R = 1.0 × 10 4 , 1.0 × 10 6 and 1.0 × 10 8 , and for both the λ4 and λ5 cases, we can find a convenient global fit for the cooling column as a function of shock velocity with x = log(v s ), v s in km/s:
where 2 < log(v s ) 3.5 ,
and the fitting parameters are: P 0 = −8.0282, P 1 = 6.6475, Q 0 = −0.263 and Q 1 = 0.4221. The cooling columns to final temperatures of 10 6 K (λ 6 ), 10 5 K (λ 5 ), 10 4 K (λ 4 ), and 10 3 K (λ 3 ) as a function of shock velocity, for different values of the magnetic field strength given by η M . The cooling column is, to first order, independent of the pre-shock density. However, there are significant changes to λ 3 with η M , extending λ 3 with respect to λ 4 as η M increases. In addition, the high density models (blue) have greater λ 3 columns, as the effects of collisional de-excitation lower the cooling rates, and increase the cooling column for photo-heating tail regions. The cooling to 10 4 K, or higher, from the post-shock temperature is not as strongly effected by density or η M as the λ 3 values, in that each of the λ 6 , λ 5 curves remain closely grouped within a density regime and across η M values, while λ 4 curves are mutually similar within each η M range, but do show some evolution between η M values.
11. SHOCK STRUCTURE SUMMARY Full tables of the shock structural parameters, temperatures, compression factors and cooling lengths etc, are available in the online edition of this article. Sample tables for model series 8, η M = 1e-3 and R = 1e6 are given in Appendix B in Tables 12 and 13. 12. SCALED RADIATION QUANTITIES AND FITS 12.1. Nomenclature The precursor parameter defined above, is the ratio of the number of hydrogen ionising photons with E > 13.598 eV produced per hydrogen atom entering the shock, Ψ = F (E > 13.598eV )/(v s n H ). This concept can be readily generalised to a photon production parameter applicable to any chosen energy band such as for E > 54 eV, in the case of HeII, or E > 1 keV for the production of soft X-rays. If we define a related energy production parameter, Φ = I/(n H v s ) (ergs/H atom), the physical quantities characterising the shock can then be readily derived from Ψ and Φ, using v s and n H . In the following sections we adopt the following notation for both the cgs parameters of the radiation field and for the dimensionless quantities defined above:
• I Intensity. This is the energy flux (ergs/cm 2 /s), integrated over the full solid angle.
• I n Specific Intensity. This is the Intensity per H atom I/n H (erg cm/s), where n H is the pre-shock hydrogen number density in these models. Over specific energy intervals, added subscripts denote the energy band referred to, for example,. I n,H is the specific intensity for hydrogen ionising radiation.
• Φ Energy Production Parameter. The energy flux per H atom flux (erg per H atom), I n /v s .
• F Photon Flux (photon/cm 2 s −1 ), integrated over the full solid angle.
• Q Ionisation Parameter; the photon flux per H atom (cm s −1 ).
• Ψ Photon Production Parameter, the photon flux over a given energy band per H atom flux (photons per H atom, dimensionless). When the integration is taken over E > 13.598eV it becomes the Precursor Parameter Q/v, defined in Section 5.
• E Mean Photon Energy, the average photon energy over a chosen energy interval, or a single value in the case of a line (erg).
These quantities can then be defined in terms of the physical parameters characterising the shock: Fig. 11 .-Post-Shock temperature and density structure of a 302 km/s shock, for three values of η M . Left panel, η M = 0.0, the green line is the gas temperature, initially in excess of 10 6 K, then cooling to 10 2 K. The red line represents the hydrogen number density, blue dotted line is the corresponding electron number density, which vary proportionally to 1/T . Middle panel, in addition, the post-shock αs = P B /Pgas is shown in the black curve. Once αs exceeds 1.0, the total density rapidly stops increasing, with the low mass electrons falling away through recombination without reducing the mass density The temperature drops below 10 4 K before a minor rebound and the downstream photo-heated and recombination region is extended compared to the high density η M = 0 case. Right panel, the stronger field halts the compression at a lower density, increasing the size of the photo heated region. The cooling columns λ 4 and λ 3 are also indicated in the middle panel, the columns where the temperature falls below 10 4 and 10 3 K respectively. These are useful as the characterize the relative importance of the post-shock thermal cooling length, which is somewhat independent of η M (λ 4 ), and the photo-heated region which influences λ 3 and is a strong function of ηm. See also Figure 9 and the discussion of Figure 10 above.
Here, for the benefit of observers who would like to obtain physical parameters from commonly observed quantities, we focus on providing simple empirical fits to the following globally important key shock parameters:
• The ionizing flux, specifically the hydrogen ionizing flux, the integral of the radiation field above the hydrogen ionisation potential (∼ 13.598eV). We consider the upstream field from the shock front that enters and drives the precursor. This spectrum differs from the field in any other direction due to absorption within the shock structure where it is differentially absorbed and reprocessed.
• The X-ray flux, specifically the radiation with photon energies above 1 keV. Relatively optically thin, and observable with X-ray instruments, but also as the 2D upstream field to be consistent with the ionizing fluxes and so that relative emission between ionising and X-rays are meaningful.
• The Hβ λ4861.333Å flux. This is the key reference line in all spectrophotometry, often used as the divisor in spectrophotometric line studies.
• The Hα λ6562.819Å flux. This is worth giving separately, since Hα/Hβ is often far from constant, and far from the HII region 'Case B' value. In addition, Hα is often observed when Hβ is either too faint, or not within the waveband of observation.
For the lines, 3D 4π steradian fluxes are considered, on the grounds that under the conditions modelled here, these lines are optically thin, and observable from all directions.
Plane Parallel Upstream Ionising Fields
In this section we give fits for the photon production parameter as a function of shock velocity and magnetic field for H-ionising photons with energies with E > 13.598 eV, Ψ H , for HeII-ionising photons with energies with E > 54.418 eV, Ψ 54eV , and for X-rays with E > 1 keV, Ψ keV . These fits refer to the upstream direction only, measured at the shock front. The 2D photon flux per unit area is presented as πF 0 , where F 0 is the flux per steradian. Fluxes in other directions will be modified by self absorption, and may be absent entirely in the downstream direction, having been absorbed and re-radiated at other wavelengths.
The upstream radiation fields in physical units of specific intensity, I n , ionization parameter Q, and mean photon energy E are shown in Figure 12 for R = 1e4 and η M = 0 − 0.1. Important points here are the global conservation of energy, where the total intensity scales as a powerlaw with the same slope as the kinetic energy flux ∝ v 3 , and the displacements caused by the increasing magnetic fields. This is due to the larger energy fraction carried by the magnetic fields, which are non-radiative, requiring higher velocities in general to achieve the same flux levels as weaker magnetic cases. The ionization parameter for hydrogen Q H exceeds the shock velocity at around 140 km/s as discussed previously. The helium ionisation parameter, for energies above 54.418 eV, crosses the shock velocity at 320 km/s and we might expect changes in the helium emission from the precursors in this velocity region. At 600 km/s the slope of the 1 keV ionisation parameter Q keV becomes power-law like and the mean photon energy in this band begins to increase significantly above 1 keV. Figure 13 shows the photon parameters from Figure 12 but is representative of all densities and magnetic fields in the entire grid, in terms of the dimensionless Ψ photon parameter and nearly dimensionless Φ energy parameters discussed previously. Figure 13 shows the entire grid in black, R = 10 4 , blue R = 10 6 and red, R = 10 8 curves, but the normalization is so consistent, especially for these ionising bands that they appear simply black, with the colored curved being overlaid, indicating that the ram pressure and density effects are minimal for these quantities, and scaling by n H will be quite accurate. The total photon production Ψ tot however is not well scaled by density or ram pressure, presumably due to collisional de-excitation for low energy (high photon production) transitions such as forbidden optical and infrared lines. Figure 14 is similar to Figure 13 , but shows Φ energy parameters. From Figures 13 and 14 , all the physical quantities can be derived using the relationships in Equation 30. Full tables of Ψ and Φ are available in the online version of the article. A Sample table for model series 8, η M = 1e − 3 and R = 1e6 is given in Table 14. 12.2.1. Global Rational Polynominal Fits for Ψ We fit the photon parameters globally over as much of the velocity range as possible in an approximate manner with a non-linear rational polynomial fit. For higher velocities, when the Ψ values are larger, more accurate fits are made, both for Ψ H > 1.0, and Ψ keV > 0.01. We also provide simple power-law approximations for the high velocity regime where these are useful to be used in those applications when an approximate scaling relationship is all that is required. Should a more accurate evaluation of the photon parameters be required, these should be carried out by spline interpolation of the model grid output files 3 . We fit Ψ(v s ) in log − log space, taking x = log 10 v s , with v s measured in km/s. For the rational polynomial fits, see Press et al. (1992) , we take the ratio of two third order polynomials.
where
The derived coefficients are given in tables 3 and 4 in the Appendix A, and are depicted in Figure 15 . Note, as P (x)/Q(x) is a ratio, we are free to scale the coefficients of P and Q, and by convention Q 0 is often 3 available at: https://miocene.anu.edu.au/mappings set to equal 1. Here, some latitude is taken allowing Q 0 to vary in order to make the magnitude and sign of the other coefficients smaller and simpler. It is trivial to divide all the coefficients by the Q 0 given to recover the more conventional Q 0 = 1 if desired.
Global Rational Polynominal Fits for Φ
As in the case for the fitting of Ψ, we fit Φ(v) in log − log space, taking x = log 10 v, with v s in km/s. The rational polynomial fits are taken as the ratio of a fourthand a third-order polynomial;
The coefficients are given in tables 5 and 8 in the Appendix A, and the fits are shown in Figure 17 for both the global rational polynomial case, and for the simple power-law fits valid at high velocity, which are described below. The rational polynomial fit for Φ keV is accurate over the entire range 2.2 < x < 3.2, so no specific high velocity fit is required.
Approximate Power-Law Fits
Power-law fits are made to the high velocity regimes, when Ψ H > 1.0 and Ψ keV > 0.01. These fits are made either as a broken power-law,
and
where x = log 10 v s with v s is measured in units of km/s. These broken power-law fits are valid for v s 500 − 600 km/s. We fit simple power law for shocks faster than this:
Similar fits are made for the corresponding Φ quantities. The coefficients and range of validity of the fits to both Ψ and Φ are given in Appendix A, Tables 6 and 7. The quality of the global rational polynomial and the power-law fits can be judged by inspection of Figures  15 and 17 , where the global rational polynomial fits are given in red, and the power-law fits in blue.
In the standard case, relatively weak magnetic fields, and at constant density n H , the hydrogen ionising fluxes, when Ψ H > 1.0 ( aprox. 120 km/s), scale as approximately F = v s n H Ψ H ∝ v 2.50 s , until at higher velocity still (> 500 km/s) the changing photon energy distribution reduces the slope to approximately F ∝ v 1.87 s (see table 6 ). The rising slope of the X-ray photon parameters implies that the turn-on for efficient X-ray shocks is rapid with increasing shock velocity. An extended grid of shock models with log 10 v s > 3.2 could be explored in the future to investigate their properties in the regime where Ψ keV > 1.0. The velocity variation of the specific intensity, In for the keV band (green), the HeII-ionising band (blue), the Hionising band (black) and the specific intensity summed over all wavelengths (red). Note that the total closely tracks a slope of 3, which is proportional to the total energy flux through the shock. The short dashed lines are for the high magnetic field case, the long dashed for moderate magnetic field case, the dot-dashed lines for the weak field case, and the solid line for zero magnetic field. Centre panel The corresponding ionisation parameters. Right: The corresponding mean photon energies. Fig. 13. -The dimensionless photon production parameter Ψ = c U /vs = Q/vs = F/(n h vs). Ψ H , Ψ 54eV , and Ψ keV are not strongly effected by collisional de-excitation effects, and so scale nearly perfectly, especially the x-rays represented by Ψ keV . The total photon production Ψtot however is a complex function of density and ηm, as the total number of lines is dominated by optical and infrared lines which have lower transition probabilities and are both copious photon producers and density sensitive. As noted earlier, Ψ H passes through 1.0 at approximately 140 km/s, where as the Ψ 54eV , helium II ionising photons pass one at 320 km/s and the x-rays turn over at Ψ keV 0.01 at 600 km/s. This panel shows all 15 model series, including the three ram-pressure or density regimes, in low-density R = 10 4 (black, n H = 1 @ 100 km/s), medium density R = 10 6 (blue, n H = 10 2 @ 100 km/s) and highdensity R = 10 8 (red, n H = 10 4 @ 100 km/s) 13. 3D OMNIDIRECTIONAL H β AND H α FLUXES The variation of the Hβ photon production efficiency per H atom entering the shock as a function of shock velocity and magnetic field strength is shown in Figure 18 . For a given magnetic field strength, the relationships are Fig. 14.-The energy production parameter Φ = I/(n h vs) Φ H , Φ 54eV , and Φ keV are not strongly effected by collisional deexcitation effects, and so scale nearly perfectly, especially the x-rays represented by Φ keV . Unlike photons, in Figure 13 the total energy production Φtot tends towards a slope of 3.0, being constrained to be a fraction of the total energy flux into the shock. Thus energy conservation removes the variability of the integral represented by Φtot, and all the energy parameters appear black, as the black lines overlay the blue and red curves nearly perfectly. The same velocity markers and reference slope are shown as for figure 13 This panel shows all 15 model series, including the three ram-pressure or density regimes, in low-density R = 10 4 (black, n H = 1 @ 100 km/s), medium density R = 10 6 (blue, n H = 10 2 @ 100 km/s) and highdensity R = 10 8 (red, n H = 10 4 @ 100 km/s) particularly tight, and do not depend on the ram pressure. However, it is evident that there are three distinct regions with quite different slopes and curvatures. The presence of these discontinuities dictates that a piecewise fitting procedure is required.
Below v s ∼ 40 km/s, where the shocks generally have cold and neutral precursors, the Hβ emission in the shock is largely produced by collisional excitation of neutral hydrogen, this regime is labeled (a) in the Figure 18 . In this region, collisional excitation of Hα gives rise to a very large intrinsic Hα/Hβ ratio.
In the interval 40 < v s < 80 km/s, the hot but still neutral precursors, with increasing ionisation in the postshock gas, gives rise to a very straight power-law, marked (b) in the Figure. For v s > 80 km/s the rapidly changing pre-ionisation has a complex effect on the post-shock temperature and hence on both hydrogen ionisation and recombination.
Above v s ∼ 140 km/s, in the region marked (c), the shock properties settle and the hydrogen emission is a simpler function of velocity, and can be approximated by a simple power-law whose slope depends on the strength of the magnetic field.
We fit the three sections a, b and c, and select two fits in the region of the crossovers, which vary. With the rational polynomials, the divisor Q may have roots just outside the fitting regime, resulting in rapid fluctuations in value, especially below the crossover between section (b) and (c) when the (c) fit can vary. The tables give approximate velocity ranges for each fit section, and it is intended to only evaluate the section in these ranges, and then selecting the minimum of just the two sections in their overlap regions.
Fit (a) is a rational polynomial fit log 10 Ψ a (v) = P (x)/Q(x) , fit (b) is a power-law log 10 Ψ b = A + B log 10 v, and fit (c) is another rational polynomial fit . The coefficients and ranges for each component are given in tables 9 and 10. Then the function is evaluated as the minimum Ψ = min(Ψ 1 , Ψ 2 ) where Ψ 1 and Ψ 2 are the Ψ values returned by the two fits in the neighbourhood of each crossover. Finally the region (c) is also fit The Hβ photon production efficiency per H atom entering the shock as a function of shock velocity and magnetic field strength. There are three distinct regions marked a,b and c, described in detail in the text, which correspond to conditions prevailing in the shock precursor region. Lower panels: The intensity ratio Hα/ Hβ. Note that this always exceeds the standard Case B value, and in lower velocity shocks where an appreciable fraction of the incoming H atoms are in the form of H I, the Hα/Hβ ratio is strongly enhanced by collisional excitation effects in the post-shock gas.
with a single power-law, as above, indicated in the figures as a thin blue line under the rational polynomial fit, and in the table as (c PL).
In the lower panels of figure 18 we also plot the modelled Hα/Hβ intensity ratio for the entire grid. In all cases, the Balmer decrement for the shock models is larger than the canonical 'Case B' Hα/Hβ ∼ 2.86, typically seen in HII regions. This is due primarily to a significant collisional excitation contribution to the Hα emission. There is no obvious simple scaling relationship of the Hα/Hβ intensity ratio with shock velocity. If accurate line ratios are required, then the full model tables should be used.
As the lines are monochromatic, a Φ function is not required as Φ = E Ψ and E is simply the line energy: E β ∼ 4.08616 × 10 −12 ergs for Hβ, and E α ∼ 3.02682 × 10 −12 ergs for Hα. The line ratio in photons is then Ψ Hα /Ψ Hβ and in energy units: Φ Hα /Φ Hβ which is simply a constant times the photon ratio: (E α /E β )Ψ Hα /Ψ Hβ .
Full tables of Ψ Hβ and Ψ Hα for all 15 grid cases at 0.02dex velocity resolution are available as extended tables in the online journal. A Sample table for model series 8, η M = 1e-3 and R = 1e6 is given in Table 15. 14. THE HYDROGEN IONISING RELATIVE X-RAY EFFICIENCIES Unfortunately it will always be difficult if not impossible to observe the ionizing fluxes from fast shocks directly, the high opacity of all the material surrounding the shocks ensures that the ionization takes place in the vicinity of the shocks. At higher energies, x-ray emission may remain optically thin, especially at energies above 1 keV, and so a conversion factor or efficiency factor of the ratio of the ionising to x-ray fluxes may be of use when inferring ionising fluxes from x-ray observations independently of other photo-ionisation recombination optical methods. We define simple energy and photon ratio factors:
As the curves in Figures 13 and 14 showed, once normalized to Ψ and Φ, the radiation parameters are essentially independent of density/ram pressure, and show only three distinct cases for η M , that is weak η M < 0.01, moderate, η M = 0.01, and strong η M = 0.10. Figure 19 shows ε X and f X for the grid of models overlaid with global rational polynomial fits in dashed lines in the left and middle panels. Again there is a clear break in the xray properties at ∼ 600 km/s. The curves are smooth and the fits are a very good representation of the models and extrapolate reasonably stably. The fitting parameters for the efficiencies are given in Table 11 in the Appendix.
Finally, the right hand panel of Figure 19 shows the ratio of the global ionising energy production efficiency to the total intensity, ε H = Φ H /Φ tot . An equivalent photon ratio is not feasible, as Ψ tot has no simple scaling (see figure 13 ) and is so variable that no simple fitting is possible. This panel shows how efficient fast shocks when Ψ H > 1 becomes at converting kinetic energy into ioinising radiation, and over half the radiated energy is ionising at around Ψ H = 1 (∼ 140 km/s), rising to over 73 percent for fast shocks over 300-600 km/s.
CONCLUSIONS
In this paper, we have used the newly updated atomic data and microphysics incorporated into the MAP-PINGS V code, and have developed a new method for computing the self-consistent pre-shock ionisation and temperature state, to map out the governing physics and various classes of radiative, plane-parallel, hypersonic, atomic astrophysical shocks.
We have identified four distinct regimes where the different precursor conditions affect the shock structures, and we have explored a grid of modelscovering a wide range of magnetic fields and ram pressures and pre-shock densities. A key parameter, the pre cursor parameter, Ψ = Q/v s determines much of the phenomenology of these shocks.
From this set of models, scaling relations for compression factors, temperatures and cooling lengths or column densities have been fitted using both rational polynomial fitting and simple power-laws. These provide a convenient means of estimating these key shock properties for a range of astronomical observations. In addition, the global radiation properties in terms of photons and energy intensities have been normalised into just two key parameters, Ψ and Φ, which can be used to reconstruct relevant quantities such as the shock ionizing or X-ray luminosity. We have provided convenient fitting functions and full tables of these quantities.
The modelling presented here has been focussed on the plasma state, and in particular the ionisation state at the shock front. Considering only the fast shock precursors, while these provide physical conditions which are fully accurate at the shock front, they were not fully computed to the outer boundary of the photoionisation region. In future papers, these extended precursors will be fully computed and the detailed precursor spectra, as well as the associated shock spectra will be given. In addition, a grid of shocks as a function of metallicity is currently in development, and will be the subject of a further paper in this series. These models will allow the structural and radiation parameters to extend to low metallicity contexts such as early universe star formation.
However, the modelling presented here is indeed fully applicable to the precursor structure up to 140 km/s. These models are applied to the study of Herbig-Haro (HH) objects in the second paper in this series (Dopita & Sutherland, 2017: in press). -The X-ray and Ionising efficiency factors. Each panel shows 15 curves overlaid, resulting in three groups for magnetic parameter regimes, weak, moderate and strong magnetic fields, coloured black, blue and red respectively as in previous figures. The simplicity of the plots indicate a the high degree of scaling, independent of ram pressure or density in these higher energy bands. High accuracy global rational polynomial fits are shown in contrasting red dashes for the weak and moderate magnetic cases and black dashes for the strong magnetic cases, in the left and middle panel. The left panel shows the ratio of the energy, Φ, production -or equivalently the luminosity ratio -of the x-rays compared to the hydrogen ionising band, and the middle panel shows the corresponding Ψ, photon ratios. The right panel shows the ratio of energy emission in the ionising bands compare to the total emission, without polynomial fits. 0 − 0.001 0.01 0.10 P 0 -9.1255E+00 -8.8896E+00 -6.9246E+00 P 1 1.2480E+01 1.2433E+01 9.5080E+00 P 2 -5.7713E+00 -5.8249E+00 -4.3489E+00 P 3 9.0301E-01 9.1400E-01 6.6234E-01 Q 0 -1.0000E+00 -1.0000E+00 -1.0000E+00 Q 1 2.0569E+00 2.0990E+00 1.8895E+00 Q 2 -1.2843E+00 -1.3418E+00 -1.1279E+00 0.0000E+00 0.0000E+00 0.0000E+00 2.0678E+01 2.5092E+01 3.6127E+01 P 1 -5.5036E+01 -5.9103E+01 -6.5857E+01 P 2 3.1832E+01 3.2936E+01 3.2697E+01 P 3 -5.3056E+00 -5.3805E+00 -4.9340E+00 P 4 0.0000E+00 0.0000E+00 0.0000E+00 Q 0 -2.0000E+01 -2.0000E+01 -2.0000E+01 Q 1 2.4682E+01 2.4513E+01 2.3294E+01 Q 2 -1.0026E+01 -9.8935E+00 -8.9511E+00 Q 3
1.3450E+00 1.3191E+00 1.1376E+00 6.1849E+00 5.6810E+00 5.7751E+00 Q 0 1.0000E+00 1.0000E+00 1.0000E+00 Q 1 -1.6623E+00 -1.6277E+00 -1.4547E+00 Q 2 6.9812E-01 6.6842E-01 5.3463E-01 Q 3 0.0000E+00 0.0000E+00 0.0000E+00 Fit (b) 1.55 x 1.9 1.6 x 2.0 A -6.2032E+00 -6.3601E+00 -6.5182E+00 B 2.9295E+00 2.9677E+00 2.7974E+00 Fit (c) 1.85 x 3.3 2.0 x 3.3 P 0 3.3994E+01 3.5411E+01 2.5311E+01 P 1 -4.5197E+00 -2.6155E+01 -5.0742E+01 P 2 -1.8296E+01
1.0410E+00 2.9474E+01 P 3 5.7761E+00 1.4041E+00 -5.1622E+00 Q 0 0.0000E+00 0.0000E+00 0.0000E+00 Q 1 -1.6240E+01 -1.0617E+01
1.8372E+00 Q 2 1.0890E+01 7.9867E+00 2.4274E-01 Q 3 -1.0473E+00 -1.0977E+00 -6.5458E-01 Fit (c PL)
x 2.0 x 2.1 A -3.4514E+00 -3.3330E+00 -3.3376E+00 B 1.3349E+00 1.2438E+00 1.1453E+00 5.3872E+00 5.2695E+00 4.6833E+00 Q 0 1.0000E+00 1.0000E+00 1.0000E+00 Q 1 -1.6575E+00 -1.6337E+00 -1.4752E+00 Q 2 6.9380E-01 6.7412E-01 5.4935E-01 Q 3 0.0000E+00 0.0000E+00 0.0000E+00 Fit (b) ∼ 1.55 < x <∼ 1.9 ∼ 1.6 < x <∼ 2.0 A -5.1419E+00 -5.1763E+00 -5.4429E+00 B 2.7394E+00 2.7051E+00 2.6174E+00 Fit (c) ∼ 1.85 < x <∼ 3.3 ∼ 2.0 < x <∼ 3.3 P 0 3.4422E+01 3.1844E+01 2.7794E+01 P 1 -2.9022E+01 -3.0091E+01 -2.9210E+01 P 2 2.5642E+00 6.1988E+00 9.2034E+00 P 3
1.6436E+00 4.1653E-01 -7.7093E-01 Q 0 0.0000E+00 0.0000E+00 0.0000E+00 Q 1 -1.1172E+01 -1.0734E+01 -5.3971E+00 Q 2 8.2100E+00 8.3396E+00 4.1110E+00 Q 3 -1.0240E+00 -1.2855E+00 -6.5888E-01 Fit (c PL)
x >∼ 2.0 x >∼ 2.1 A -2.7833E+00 -2.9121E+00 -2.7323E+00 B 1.3138E+00 1.3205E+00 1.1510E+00 1.0939E+01 1.1539E+01 1.1506E+01 P 3 -2.3771E+00 -2.5088E+00 -2.4576E+00 P 4
1.9346E-01 2.0436E-01 1.9699E-01 Q 0 1.0000E+00 1.0000E+00 1.0000E+00 Q 1 -1.2440E+00 -1.2368E+00 -1.1812E+00 Q 2 5.0908E-01 5.0319E-01 4.6036E-01 Q 3 -6.8751E-02 -6.7558E-02 -5.9335E-02 f X = Ψ keV /Ψ H Standard Moderate B Strong B η M : 0 − 0.001 0.01 0.10 P 0 1.7122E+01 1.3990E+01 1.3982E+01 P 1 -2.2502E+01 -1.8006E+01 -1.7503E+01 P 2 1.1115E+01 8.7086E+00 8.2407E+00 P 3 -2.4519E+00 -1.8817E+00 -1.7345E+00 P 4
2.0452E-01 1.5393E-01 1.3825E-01 Q 0 1.0000E+00 1.0000E+00 1.0000E+00 Q 1 -1.2566E+00 -1.2394E+00 -1.1801E+00 Q 2 5.1956E-01 5.0604E-01 4.5981E-01 Q 3 -7.0893E-02 -6.8261E-02 -5.9272E-02 Tables 12 and 13 give a sample of the physical parameters of shocks from model series 8 (table 2) : η M = 0.001, R = 1 × 10 6 ,a standard weak magnetic case. The table is sampled at 0.1dex velocity intervals -every 5th model series velocity -from log 10 (v s ) = 1.30 (∼ 20km/s), to the maximum velocity;log 10 (v s ) = 3.18 (∼ 1513km/s), with additional 0.02 dex interval points between 100 -200 km/s, where Ψ H ∼ 1.0. Full tables for all 15 grid cases at 0.02dex velocity resolution are available as extended tables in the online journal edition. Table 14 gives a sample of the radiation Ψ and Φ parameters of shocks from model series 8 (table 2) ; η M = 0.001, R = 1 × 10 6 ,a standard weak magnetic case. The table is sampled at the same velocities as 12 and 13. Full tables for all 15 grid cases at 0.02dex velocity resolution are available in extended tables in the online journal edition. 
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Shock Radiation Parameters
